Interplate thrust faults in subduction zones host the largest earthquakes and majority of seismic energy release on Earth. The seismically coupled portion of these megathrusts typically extends 100 ± 50 km across the depth range from 5 -10 to 25 -55 km, with convergent motions between underthrusting and overriding plates being accommodated by a mixture of earthquake slip, postseismic deformation, and interseismic creep. There are varying proportions of seismic and aseismic slip distributed with depth and varying seismic coupling coefficients in different subduction zones. Rupture of the shallow portion of megathrusts is the focus of this review; both large and small thrust earthquakes in the upper 10 km of the seismogenic zone sometimes display unusual seismic energy release attributes, with low rupture velocity and/or low stress drop. The largest of these events can be exceptionally tsunamigenic, with seismic slip extending updip of the apparent seismic front defined by smaller events. The transition from aseismic stable sliding on the shallow megathrust contact with any sedimentary wedge to the unstable slip regime of the seismically coupled zone at greater depth is variable from region to region and may involve zones of conditional stability that display bimodal deformation behavior as strain rates fluctuate. Systematic variations of rupture process with depth across the upper 10 km of the seismogenic regime have been observed, suggesting depth dependence of mechanical properties of the megathrust that may provide key information about sediment induration, hydrothermal processes, and frictional behavior of the megathrust. The acute seismic faulting heterogeneity observed in the shallow megathrust complicates generalization about the environment based on isolated spatial sampling of its properties, but there is great need for in situ ground truth determinations of structures and properties in the shallow megathrust.
Introduction
Subduction of oceanic lithosphere occurs along massive interplate thrust faults that are the contact surfaces between overriding and underthrusting plates in convergent margins. These megathrusts accommodate the convergent motions by varying portions of seismic and aseismic slip, with significant variations in geometry and maximum earthquake size from region to region [e.g., Kanamori, 1977; Uyeda and Kanamori, 1979; Ruff and Kanamori, 1980; Pacheco et al., 1993; Scholz and Campos, 1995] . About 90% of the seismic moment released by global earthquakes occurs near subduction zones, with most events involving slip on megathrusts, including the largest recorded events, the 1960 Chile and 1964 Alaska earthquakes [e.g., Pacheco and Sykes, 1992] . The important tectonic role played by megathrusts has prompted many efforts to characterize their seismic and aseismic properties, including the depth extent of interplate faulting, variations in maximum earthquake size, and the underlying causes of faulting complexity observed for individual ruptures.
The updip and downdip bounds on interplate seismic slip ( fig. 15 .1) are generally located near depths of ~5 -10 and 25 -55 km below the seafloor, respectively [e.g., Byrne et al., 1988; Hyndman et al., 1995 Hyndman et al., , 1997 Oleskevich et al., 1999; Ruff, 1991, 1993; Zhang and Schwartz, 1992; Pacheco et al., 1993; Suárez and Sánchez, 1996; Deshon et al., 2003] . The updip limit usually involves a transition from stable-sliding to unstable stick-slip behavior [e.g., Marone and Saffer, this volume] , commonly below a shallow tapering sedimentary wedge, at a lateral distance of 20 -100+ km from the trench called the "seismic front" [e.g., Yoshii, 1979; Marone and Scholz, 1988; Pacheco et al., 1993] , although earthquake ruptures may extend right to the trench when little sediment is present [e.g., Polet and Kanamori, 2000] . Temperatures at the updip limit are estimated as around 100º -150°C [e.g., Hyndman et al., 1997] . A variety of mechanisms likely control the downdip edge of the seismically coupled zone, which is typically at temperatures from ~350º -450°C. Thermal control on the frictional mechanism at the downdip edge in the case of subduction of relatively young oceanic crust, or transition in the fore-arc mantle to weak, serpentinized wedge material for island arcs and for subduction of older oceanic crust, has been proposed by Tichelaar and Ruff [1993] , Hyndman and Wang [1993] , Hyndman et al. [1997] , and Peacock and Hyndman [1999] . The overall seismogenic depth extent and dip angle define the maximum width available for the largest earthquake ruptures that can occur in each subduction zone, with widths ranging from 50 to 150 km [Pacheco et al., 1993] . A few regions with flattened megathrusts tend to have broader fault widths and larger megathrust earthquakes [e.g., Gutscher and Peacock, 2003] .
Studies of the largest earthquakes along megathrusts in different subduction zones have suggested some correlations with convergence rate, lithospheric age, sediment supply, bathymetric features, and back-arc spreading [e.g., Kanamori, 1980, 1983b; Peterson and Seno, 1984; Jarrard, 1986; Ruff, 1989; van der Hilst and Seno, 1993; Pacheco et al., 1993; Scholz and Campos, 1995] . While gross physical attributes of subduction zone environments may affect the width of the seismogenic interface and maximum earthquake size, the statistics are not particularly compelling with regard to any overall model [e.g., Pacheco et al., 1993] . One of the more prominent trends is that when back-arc spreading is pronounced, the largest megathrust events tend to be smaller [e.g., Kanamori, 1977; Uyeda and Kanamori, 1979; Scholz and Campos, 1995] .
The substantial variations between earthquake ruptures within an individual subduction zone and from event to event for repeated failures of a given region of a megathrust have prompted numerous studies. Notions of variable fault zone failure strength, and resultant seismic slip heterogeneity, such as the asperity model [e.g., Lay and Kanamori, 1981; Lay et al., 1982; Ruff and Kanamori, 1983b; Kanamori, 1986; Schwartz and Ruff, 1987; Ruff, 1992; Ruff and Miller, 1994] , emerged from studies of subevents of large ruptures. Scholz [1990 Scholz [ , 1998 approximately correct scale. The thick black line highlights the seismogenic range of the megathrust on which large thrust earthquakes occur. This has an updip limit and a downdip limit controlled by a variety of processes. Below the downdip limit earthquakes occur only within the subducting slab as intraplate faulting. The nature of the upper plate, the amount of accreted sediments, and the geometry of the megathrust vary from region to region as described in the text. The shallow portion of the seismically coupled megathrust is the focus of this review.
more useful to invoke notions of stable and unstable sliding, with observed rupture complexity arising from variations in state variables such as effective normal stress, temperature from frictional heating, and material properties such as rock and sediment composition, permeability, and roughness. It is generally recognized that significant interplate slip must occur aseismically, even within the seismogenic depth range, to account for total plate convergence in most subduction zones [e.g., Ruff and Kanamori, 1983a; Peterson and Seno, 1984; Pacheco et al., 1993; Scholz and Campos, 1995] . Precise determination of seismic coupling is statistically difficult given the short historic record available [McCaffrey, 1997] , but the current evidence favors a full range of seismic coupling values from 0 (purely aseismic subduction) to 1 (purely seismic subduction). Regions such as Kamchatka, Alaska, South Chile, East Aleutians, West Aleutians, and Nankai have high seismic coupling coefficients, while the Marianas, Kermadec, South Tonga, Izu Bonin, Java, North Peru, Vanuatu, and Central America have low seismic coupling [e.g., Scholz and Campos, 1995] .
The depth distribution of interplate thrusting along the megathrust has been explored in an effort to understand this seismic coupling variability [e.g., Zhang and Schwartz, 1992; Pacheco et al., 1993] . Most subduction zones exhibit peaked distributions of earthquake numbers and moment release as functions of depth, tapering toward both updip and downdip limits of the seismogenic zone. The data suggest that a relatively narrow portion of the seismogenic zone tends to have the highest proportion of seismic coupling, and even this may be laterally "patchy" [e.g., Pacheco et al., 1993] . Localized asperity regions may undergo purely seismic slip, corresponding to total seismic coupling, thereby controlling overall failure process of the megathrust [e.g., Lay et al., 1982; Thatcher, 1989] . Seamounts, horst and graben structures, and other bathymetric features on the underthrusting plate may account for locally enhanced frictional contacts [e.g., Kelleher and McCann, 1976; Cloos, 1992; Pacheco et al., 1993; Cloos and Shreve, 1996; Scholtz and Small, 1997; von Huene et al., 1999; Abercrombie et al., 2001; Husen et al., 2002; Bilek, this volume] , or these features may provide barriers that delimit rupture [e.g., Kodaira et al., 2000; Hirata et al., 2003 ], but as yet there is not a good understanding of the nature of the localized high-slip regions for interplate events or of the persistence of such features over time [e.g., Scholz, 1990; Thatcher, 1990] .
The apparent complexity of sliding properties of the megathrust is even more pronounced in the shallowest region, <15 km below the ocean bottom. This region generally has a higher ratio of aseismic to seismic slip than the deeper interface and is likely to have acute variations in physical properties due to the presence of indurating sediments, expelled fluids, rough bathymetric structure on the subducting plate, complex structure of the overriding wedge, and vulnerability to transient high strain rates upon failure of the deeper interface. This review will focus on the seismological observations of earthquakes at shallow depths on the megathrust, considering first large, then smaller events, to assess possible constraints on this complex environment.
Large Earthquakes on the Shallow Megathrust
Systematic investigations of the rupture processes of interplate thrust events have identified high-slip regions within the rupture zones for most of the very large events that have occurred during the past 50 years or so [e.g., Schwartz and Ruff, 1987; Kikuchi and Fukao, 1987; Beck and Ruff, 1989; Ruff and Miller, 1994] . In almost all cases the primary slip occurs in the depth range 15 -40 km, with relatively few documented instances of large slip extending to shallower depths, even after allowing for substantial uncertainties in subevent locations. Studies of the depth distribution of underthrusting events larger than magnitude 5 or so during the past 25 years show that relatively few events tend to occur in the shallowest part of the seismogenic zone [e.g., Zhang and Schwartz, 1992; Pacheco et al., 1993] . These observations are generally attributed to the shallow portion of the megathrust undergoing a transition from stable sliding to unstable friction as depth increases, possibly with an intervening zone of conditional stability [Scholz, 1998 ]. Subduction of low permeability, watersaturated clays could increase fluid pressures in the shallow fault zone, lowering the effective normal stress and allowing stable sliding to depths of 5 -10 km. Anelastic deformation of weak, unconsolidated fore-arc sediments in contact with the megathrust at very shallow depth could also play a role [e.g., McCaffrey, 1993] . Given ongoing motion of the underthrusting plate due to combined forces from slab-pull and ridge-push, large, elastic shear strains would not be expected to accumulate along the shallow megathrust as its frictional properties accommodate the deformation by stable sliding. High strain-rate loading caused by sudden failure of the deeper unstable sliding regime would not always induce large slip in any conditionally stable region at shallow depth and the shallowest region of any velocity-strengthening material would quickly terminate any slip event. These general considerations are at odds with the observation that in some locations the shallow portion of the megathrust actually has failed in large earthquakes, with very large slip, both with and without failure of the deeper portion of the rupture zone. When this occurs, resulting displacements of the seafloor are large, generating strong tsunamis, in a special class of earthquakes called tsunami earthquakes.
The 1896 and 1946 Tsunami Earthquakes
Tsunami earthquakes were identified by Kanamori [1972] as a distinct class of seismic events for which the tsunami excitation was larger than expected given the measured seismic magnitude (usually, the 20-s surface wave magnitude M s ). He considered two underthrusting events notable for their great tsunamis: The 1896 Sanriku (M s 7.2) and 1946 Aleutian (M s 7.4) events ( fig. 15.2) . The global tsunami magnitudes M t estimated for these events by Abe [1979] are 8.6 and 9.3, respectively, so there are huge differences between M s and M t , distinguishing these from typical events. The limited seismic data available for these events yield effective seismic moment determinations that increase greatly with increasing period, indicative of source process time constants of ~100 s [Kanamori, 1972] . At long periods the discrepancy between seismic source strength and tsunami magnitude is thus greatly reduced, suggesting that faulting displacements may be able to account for the strong tsunami excitation without need for additional effects such as submarine slumping. Both events have locations relatively close to their respective trenches. Kanamori [1972] suggested that the long rupture durations of these events are related to [Johnson and Satake, 1997] , 1896 Sanriku [Tanioka and Satake, 1996a] , 1992 Nicaragua [Satake, 1994] and 1996 Peru [Satake and Tanioka, 1999] events. Bathymetry is shown with contour lines. Boxes outline fault models used by the various authors. [From Satake and Tanioka, 1999] .
weakness in the source zones, possibly associated with reduction of strength in the thrust zone due to nearby normal faulting in the oceanic plate. Subsequent investigations of the tsunami data for the 1896 event confirm that the source area is very close to the trench, 210 km long, and ~50 km in width ( fig. 15 .2) [Tanioka and Satake, 1996a] . Slip of 5.7 m (for a dip angle of 20°) near the trench was estimated, a surprisingly large amount of slip to occur at very shallow depth along the Honshu coast. Rupture in low-rigidity sediments was suggested as a mechanism to give low rupture velocity (which can account for the long source process time) and resultant weak excitation of 20-s surface waves. Using a relatively low rigidity of 20 GPa based on observations of sediments being subducted (at greater depth around the plate interface it is common to assume a "hard rock" rigidity of 50 GPa), Tanioka and Satake [1996a] estimated a moment magnitude, M w , of 8.0; still lower than the global tsunami magnitude of 8.6 or even the local tsunami magnitude of 8.2 [Abe, 1981] . Using a more realistic dip angle of ~10° requires a slip of 10.4 m, increasing the estimated M w to 8.2 [Tanioka and Seno, 2001] , and reducing, but not eliminating, the M w -M t discrepancy without violating any seismic constraints. Even lower dip angles can be reconciled with regional microearthquakes , so some of the difference between seismic and tsunami magnitudes can be accounted for. Very shallow dip angles for thrust faults lead to poor excitation of long-period seismic waves, but tsunami excitation is not as dependent on source depth or dip angle [Ward, 1982] , so reducing dip of the shallow megathrust goes in the right direction to account for the relative tsunami excitation. Tanioka and Seno [2001] sought to further reconcile the seismic and tsunami strength estimates by accounting for possible lateral plowing and uplift of the very small sedimentary wedge seaward of the slip zone [e.g., Seno, 2000] , an effect that can enhance tsunami excitation by ~50% because of broadened ocean bottom uplift that results. This reduces the slip needed at depth for a 10° dipping fault, lowering the M w back to 8.0 -8.1, but predicting some of the contrast to M t .
The 1946 event produced a truly remarkable tsunami, which caused a 30-m local run-up on Unimak Island and 16-m run-up in Hawaii. The tide gauge recordings for this event were studied in detail by Johnson and Satake [1997] . Using a 100-km-long rupture based on the aftershock distribution [Sykes, 1971] , an estimate of 9.6 -9.8 m of slip was obtained to match the tsunami records, with strong slip extending up to the trench, seaward of the aftershock zone ( fig. 15.2) . A limited set of body waves analyzed by Pelayo [1990] yielded a 90-s duration source time function, suggesting a very slow rupture velocity of <1 km/s. For an assumed rigidity of 20 GPa, an M w of 8.2 -8.3 was estimated, still well below the M t of 9.3, but Johnson and Satake [1997] argue that the latter value may be biased upward by harbor resonances. Pelayo [1990] estimated a very large seismic moment from surface wave spectra that gives an M w = 8.6. This predicts a 27-m slip using a standard rigidity, but such a large slip overpredicts the early (pre-Harbor resonance) tsunami amplitudes. Kanamori [1985] suggested that the focal mechanism for long period signals of the 1946 event may be best represented by a single force, implying that a landslide contributed to the tsunami excitation, as is preferred for the 1929 Grand Banks event [Hasegawa and Kanamori, 1987] ; however, the model of Johnson and Satake [1997] indicates that the pre-Harbor resonance tsunami observations can be well explained by a megathrust faulting source with slow slip and rupture extending to the trench.
Tsunami Earthquakes Between 1960 and 1992
Following the initial study of the 1896 and 1946 tsunami earthquakes by Kanamori [1972] , several smaller events with anomalous tsunami excitation were identified in the shallow megathrusts along the Kurile Islands and Peru. In particular, the 20 October 1963 (M s 6.9) and 10 June 1975 (M s 7.0) events in the Kurile subduction zone were classified as tsunami earthquakes [e.g., Fukao, 1979; Ward, 1982; Pelayo and Wiens, 1992] , and the 20 November 1960 (M s 6.75) tsunami event occurred along the Peru margin [Pelayo and Wiens, 1990] . The two events in the Kuriles locate seaward (updip) of large slip regions in the rupture zones of larger interplate thrusts along the megathrust [Schwartz and Ruff, 1987] . The aftershock zones overlap those of earlier great thrusts at depth but extend all the way to the trench. Fukao [1979] suggested that the Kurile events are very shallow, and their source process times are <100 s (unusually long, but insufficient to account for the discrepancy between M s and tsunami strength). On the basis of some indications of change in focal mechanisms during rupture, he proposed that relatively steeply dipping splay faulting into the sedimentary wedge might account for strong ocean-bottom deformation needed to explain the tsunamis. Low rigidity µ of the sediments (13 GPa) was assumed, requiring ~ 4 times more slip at the source to give the same seismic moment, M o . The seafloor deformation scales as M o /μ = Ad, where A is the fault area and d is the average displacement, thus large displacement and shallow depth would combine to give strong tsunami excitation [ see Okal, 1988] . Splay fault branching into the accretionary wedge has also been suggested to occur along the Nankai subduction zone [Cummins and Kaneda, 2000; Park et al., 2002] . Pelayo and Wiens [1992] modeled P and SH waveforms for the Kurile events, favoring source depths <10 km with a smooth, broad, 90-s source function for the 20 October 1963 event and a 60-s duration pulse for the 10 June 1975 event, with both events having weak slip in the first 20 s or so. Shallow dips of 7 º -8°, with no change in mechanism, were found. The 20 November 1960 Peru event was modeled as a shallow (5 -25 km) thrust event with very shallow dip angle (6°) and a rupture duration of 110 s [Pelayo and Wiens, 1990] . For these three events the long source durations and moderate aftershock zone dimensions suggest low rupture velocities, but this was not directly determined because point-source models were used. Pelayo and Wiens [1992] conclude that all three events involve slow rupture along the basal décollement of the accretionary prism, with low rigidity around the shallow megathrust being responsible for the low rupture velocities. The long source process time reduces M s relative to M o , leading to discrepancy between the tsunami size and M s , as in the model of Kanamori [1972] . The very shallow source depths and shallow dip angles further reduce the seismic wave excitation relative to the tsunami excitation.
Tsunami Earthquakes of the Broadband Seismology Era
Several tsunami earthquakes have occurred subsequent to deployment of global networks of broadband seismic equipment; this has provided the opportunity for improved seismological characterization of their rupture processes. By far the most important of these events was the 1992 Nicaragua earthquake, which struck on 2 September in a seismic gap that had been identified by Harlow et al. [1981] . This event has an M t = 7.9 -8.0, and caused a 10-m tsunami run-up at the coastal village of El Transito and 2 -6 m run-up along the entire Nicaraguan coast Ide et al., 1993; Imamura et al., 1993] , despite weak ground shaking (≤ Modified Mercalli III). The aftershock zone is 200 km long and ~100 km wide, an unusually large size for an M s 7.2 event. A modest number of aftershocks locate close to the trench. Ihmlé [1994] relocated the aftershocks, finding that most events concentrate in a 40-km-wide zone ~250 km long, with an updip region ~50 km wide being almost devoid of aftershocks ( fig. 15 .2). The aftershock distribution has the appearance of a conventional seismic front, but as discussed below, it appears that the primary mainshock slip was updip of this region. Ide et al. [1993] and Kanamori and Kikuchi [1993] found that the surface wave radiation patterns for the Nicaragua event are consistent with a shallow underthrusting event rather than with a single force, so a landslide source is not favored. Kanamori and Kikuchi [1993] note that there is no sedimentary wedge off of Nicaragua, and they suggest that rupture propagated all the way to the trench with the megathrust frictional properties being affected by the subducted sediments.
The 256-s period surface wave moment magnitude for the Nicaragua event is M w = 7.6 Kanamori and Kikuchi, 1993] , substantially larger than the M s ; this partly closes the gap with M t . The rupture centroid time shift is ~50 s, suggesting a source duration of ~100 s Kanamori and Kikuchi, 1993; Velasco et al., 1994] . The source process time estimated using a procedure similar to that which Kanamori [1972] applied to the 1896 and 1946 tsunami events, is 40% as long as for those earlier tsunami events . Kanamori and Kikuchi [1993] find that the Nicaragua event did not have an increase in apparent seismic moment for periods longer than 200 s, which is also consistent with a shorter source process time than for the 1896 and 1946 events. This event thus appears to be similar to the 1960 Peru, 1963 Kurile Island, and 1975 Kurile Island events, but it generated far superior seismic data because of the increased bandwidth of global seismic recording stations.
Several investigations of the source time function for the 1992 Nicaragua event were undertaken using the broadband digital seismic data, including body and surface wave analyses [e.g., Ide et al., 1993; Kanamori and Kikuchi, 1993; Satake et al., 1993; Velasco et al., 1994; Kikuchi and Kanamori, 1995; Ihmlé 1996a Ihmlé , 1996b . The data are abundant enough and have sufficient bandwidth to directly determine some aspects of the source rupture finiteness from directivity effects in the seismic waves, the first time this was possible for a tsunami earthquake. This is important, given that the aftershocks may not illuminate the updip region of the rupture zone if it has unusual frictional properties. The Nicaragua event commenced with a 10-s interval of low energy release, then ruptured updip and asymmetric bilaterally, with a rupture velocity of ~1.0 -2.2 km/s [e.g., Ide et al., 1993; Velasco et al., 1994; Kikuchi and Kanamori, 1995; Ihmlé, 1996b] , with slip distributed along a 160 -200 km long fault length. The low-frequency centroid locations estimated for the overall energy release [Dziewonski et al., 1993; Velasco et al., 1994; Ihmlé, 1996b] are updip of the relocated aftershocks, suggesting that significant slip occurred in a region with no aftershocks [Ihmlé, 1996b] . The published slip models differ in slip distribution over the fault, apparently due to the smooth nature of the source time functions and intrinsic trade-offs between changes in rupture area expansion rate and slip. The early stage of slow energy release during the rupture complicates location of the regions of strong slip. The model parameterization (such as use of constant or variable rupture velocity) also has strong effects on the inferred slip distribution. There are also problems in recovering the body wave ground motion baselines associated with near-field terms visible in the unusually smooth teleseismic records [e.g., Kanamori, 1993; Kikuchi and Kanamori, 1995] . The slip models are consistent in having strong slip just northwest of the epicenter that dominates the early portion of the radiation, with slow southeastward expansion of the slip dominating the latter portion of the radiation. The seismic waveform data provide little direct constraint on the actual width of the rupture zone, but shallow centroid depths of 10 km or less are favored by Dziewonski et al. [1993] and Velasco et al. [1994] . Ide et al. [1993] estimated the static stress drop as 0.26 MPa for a rupture zone width of 100 km, a rigidity of 30 GPa, and average dislocation of 0.5 m. Kikuchi and Kanamori [1995] assumed a 50-km-wide rupture zone and obtained a static stress drop of 1.1 MPa with an average dislocation of 1.4 m for the same rigidity, along with estimating the average rise time of the dislocation to be ~10 s. The average dislocation velocity is thus estimated to be 0.14 m/s, significantly slower than for other subduction zone events. The seismic wave energy E s to moment, M o ratio was estimated as E s / M o = 6.2 × 10 -7
, about an order of magnitude lower than typical for earthquakes [e.g., Choy and Boatwright, 1995; Ruff, 1999] . The apparent stress, defined by σ a = 2µ E s / M o = 0.037 MPa, is much lower than the static stress drop. Using source time functions inferred from surface waves and the centroid-moment tensor moment of Dziewonski et al. [1993] , Velasco et al. [1994] estimated the apparent stress as 0.03 MPa, so this result is fairly stable for relatively uniform slip models. Ihmlé [1996b] found a more heterogeneous slip model, with two patches having average slips of 3.5 -4.5 m (for assumed rigidity of 22 GPa). This gives higher localized static stress drop values of 3.0 -7.0 MPa. Rise times of 10 -18 s were preferred in the models of Ihmlé [1996b] , so dislocation velocities of 0.2 -0.7 m/s are estimated.
The tsunami observations for the Nicaragua event have been modeled by Imamura et al. [1993] , Titov and Synolakis [1993] , Satake [1994, 1995] , Piatanesi et al. [1996] , and Geist and Bilek [2001] . Imamura et al. [1993] used linear longwave theory to study the tsunami propagation, with an assumed run-up ratio of 2. They found a uniform 3.75-m slip for assumed 200 × 100 km 2 fault area and rigidity of 30 GPa, giving a seismic moment one order of magnitude greater than observed. A similar result was found by Titov and Synolakis [1993] , who included a one-dimensional nonlinear run up computation. The discrepancy with the seismic model was reduced to a factor of 5.6 by Imamura et al. [1993] by taking a smaller fault area of 150 × 75 km 2 , although the larger fault area was slightly preferred by the authors. Satake [1994, 1995] modeled tide-gauge waveforms and run-up observations using linear shallow water equations and nonlinear equations including bottom friction and showed that the required fault width is actually only 40 km, much narrower than the aftershock area and extending only as deep as 10 km. Uniform slip over a 250-km-long fault was preferred, although a 200-km fault with larger slip at the southeastern end of the fault can match the data well ( fig. 15 .2). The slip needed for this model is 3 m, which can be reconciled with the seismic moment by using a rigidity of 10 GPa. Piatanesi et al. [1996] modeled the tsunami run-up data with a variable slip model, using a nonlinear shallow-water theory. A slip function intermediate between a uniform slip model and the variable slip model of Ihmlé [1996b] was preferred, with two predominant slip patches having slip of 3.5 -4.5 m near the epicenter and at the southeastern end of the rupture zone, and slip elsewhere along the fault being 1 -2 m. A rigidity of 10 GPa was assumed, with a 50 × 250 km long fault. Geist and Bilek [2001] further reconciled the seismic and tsunami models by using the slip model of Ihmlé [1996b] with a depthdependent shear modulus Lay, 1998, 1999b] increasing from 3.6 to 30 GPa across the rupture plane, finding good agreement with the tide-gauge waveform at Corinto.
These studies, by far the most comprehensive for any tsunami earthquake, demonstrate that the best overall model for the 1992 Nicaraguan event involves shallow thrusting on a 40 -50 km wide fault extending from the trench down to depths of no more than 10 km or so ( fig. 15 .2). Few aftershocks fall within the area of large slip (~3 m). There is no accretionary prism in the trench; thus it is assumed that sediments have been subducted. The overall rupture took ~110 s, commencing with 10 s of weak slip and then bilateral expansion over the fault zone at low slip velocities. The average source volume rigidity is ~10 GPa.
There has been one additional recent tsunami earthquake of note; the 21 February 1996 Peruvian earthquake (M s = 6.6, M w = 7.5, M t = 7.8) [Satake and Tanioka, 1999] . Bourgeois et al. [1999] find that the 1996 event is similar to the 1960 Peru event analyzed by Pelayo and Wiens [1990] , with these two tsunami earthquakes being the only large subduction zone earthquakes in northern Peru since 1619, in what is inferred to be a subduction zone with a large component of aseismic convergence. The event occurred where the Mendaña Fracture zone is being subducted under the Peru margin ( fig. 15.2) . The seismic observations for this event were modeled by Ihmlé et al. [1998] and tsunami data were modeled by Heinrich et al. [1998] using the seismic slip model as a constraint. A 40-km-wide, 110-km-long fault model was used in the seismic modeling. The event ruptured bilaterally, updip of the epicenter with rupture velocity varying from 1.0 to 2.0 km/s and a total rupture duration of ~50 s. This is a relatively long duration for the moment magnitude, but not dramatically so, as for most of the events discussed above [e.g., Polet and Kanamori, 2000] . Heinrich et al. [1998] adopted this slip model to predict run-up heights and tide-gauge recordings along the Peruvian coast using a finite difference method for long wave equations. They found that a rigidity of 20 GPa reconciles the seismic and tsunami source models. Tsunami modeling by Bourgeois et al. [1999] using a 60-km-wide fault that is 120 km long with 4-m slip suggests a rigidity of 7.5 GPa. Satake and Tanioka [1999] modeled the tide-gauge records using either 40-or 80-km-wide faults extending up to the trench with slip of 4.5 and 2.2 m, respectively. Using a low rigidity of 10 GPa allows these slip models to be consistent with the seismic moment magnitude.
The tsunami earthquakes discussed above have common characteristics of shallow dipping thrust motion at shallow depths in material with very low rigidity of 5 -10 GPa [Satake and Tanioka, 1999; Synolakis et al., 1997] . Figure 15 .2 summarizes the narrow rupture zones at shallow depths favored for the 1896 , 1946 events [Satake and Tanioka, 1999 . All of these events are documented to have relatively long source process times, and in some cases, directly measured low rupture velocities. Figure 15 .3 shows a schematic suggesting the distinct nature of rupture at very shallow depth in low rigidity material around the megathrust and resulting enhanced seafloor uplift documented for several of the large tsunami earthquakes. Note that an accretionary prism need not be present for this to occur, as in the case of the 1992 Nicaragua event, as long as sediments modify the frictional properties of the shallow portion of the megathrust.
There have been several other events in the broadband seismic data era that have generated unusually large tsunamis by other mechanisms. The 1992 Flores Islands (M w 7.9) back-arc thrusting earthquake did not have slow rupture [e.g., Imamura and Kikuchi, 1994; Beckers and Lay, 1995; Polet and Kanamori, 2000] , and most of the local tsunami is attributable to the seismic slip model, except for a 26.2-m run-up at Riangaroko, which is attributed to a local landslide effect by Imamura et al. [1995] , Tsuji et al. [1995b] , and Hidayat et al. [1995] . The small tsunami generated by the 1989 Loma Prieta earthquake was attributed to slumping in the Monterey Bay by Ma et al. [1991] . The 17 July 1998 Papua New Guinea (M w 7.0) event produced a maximum tsunami run-up of 10 -15 m on the coast in the vicinity of Sissano Lagoon. The seismic magnitudes for this event do not characterize it as having a particularly long rupture process or slow rupture velocity [e.g., Newman and Okal, 1998b; Polet and Kanamori, 2000] . Tsunami generation for this event is controversial, but it appears that this event is at least not a conventional interplate thrusting tsunami earthquake [Geist 1998 [Geist , 2000 Kawata et al., 1999; Matsuyama et al., 1999; Tanioka, 1999; Tappin et al., 1999; Synolakis et al., 2002] . It is unclear whether the seismic models are able to account for the local tsunami run-up. Kikuchi et al. [1999] and Tanioka [1999] favor a steeply dipping fault plane rather than a shallowly dipping thrust plane as both the seismic and teleseismic tsunami source, although Satake and Tanioka [2003] suggest a combination of low angle faulting and a submarine landslide as the most likely source.
The 2 June 1994 East Java underthrusting earthquake (M w 7.9) occurred in a region normally characterized as weakly seismically coupled. It produced local tsunami run ups that ranged from 1 to 14 m [Tsuji et al., 1995a] , and New- Figure 15 .3 Schematic of slip at varying depth on the megathrust and resulting surface (ocean bottom) vertical displacement. Large slip at very shallow depth in low rigidity sediments causes large ocean bottom displacement relative to comparable seismic moment events with less slip in higher rigidity material at greater depth along the megathrust. This accounts for the strong tsunami excitation of some tsunami events; in some places, there is no accretionary wedge, and sediments subducted along the megathrust may play the same role. [From Satake and Tanioka, 1999] .
man and Okal [1998a] and Polet and Kanamori [2000] suggest that this event has low energy release, slow rupture, and location near the trench, which are consistent with it being a tsunami earthquake. Abercrombie et al. [2001] studied the seismic waves, finding a solution with shallow interplate thrusting ~12 -20 km depth with an initial weak updip radiation over ~12 s. They found no evidence for anomalously slow, shallow slip, although it is notable that all of the larger aftershocks of this event involve normal faulting rather than thrusting. It was proposed that rupture of a seamount surrounded by stably sliding interface explains this event. The stress drop was estimated as 0.3~3 MPa, a low value comparable to estimates for the 1992 Nicaragua event, but the event was deemed to be different from typical tsunami events. Tanioka and Satake [1996b] model the tsunami using a shallow slip event near the trench, constraining the model by the seismic moment and using a rigidity of 40 GPa. This model underpredicts the tsunami by 30 -50%, even allowing for horizontal movement of the ocean bottom, which enhances tsunami excitation in this case. Use of lower rigidity or more accurate run-up model could account for this, but Abercrombie et al. [2001] argue that the tsunami arrival times rule out a slip model as far seaward as the trench. Polet and Thio [2003] suggest slow particle velocity rather than slow rupture velocity might account for the weak short period radiation from the Java event relative to that for nearby aftershocks.
Large Events Deeper on the Megathrust Triggering Shallow Slip
The occurrence of significant seismic slip on the shallow portion of the megathrust, in some cases extending right up to the trench or to the margin of any sedimentary wedge, raises the question of whether this region fails during the rupture of great events at larger depth in the megathrust [Geist, 1998 ]. Inferences of earthquake rupture zones from aftershock distributions may be misleading, as in the case of the 1992 Nicaragua event, so it would seem plausible, and even likely, that during a large interplate rupture, slip may extend into the shallow megathrust where few, if any, aftershocks occur. Combined assessments of seismic, geodetic, and tsunami observations for great megathrust earthquakes have actually revealed that this is sometimes the case. Hirata et al. [2003] show that slip extended to shallow depth along a limited portion of the 1952 Tokachi-Oki earthquake, with rupture toward the southwest possibly being delimited by a subducted seamount. Johnson and Satake [1999] found that there was minor slip at shallow depth along a portion of the 1952 Kamchtaka rupture zone. Satake [1993] and Tanioka and Satake [2001a, 2001b] [Mendoza and Hartzell, 1999; Pacheco et al., 1997] . Polet and Kanamori [2000] note that some large events near Guerrero and Oaxaca, Mexico, have centroid locations displaced toward the trench as well. The occurrence of shallow slip may well have been more common in earlier events but simply was not recognized in the seismic data. For some events it appears that slow slip on the updip portion of the megathrust precedes the mainshock at greater depth. This occurred for the 1968 Tokachi Oki earthquake [Schwartz and Ruff, 1985; Satake, 1989] , for which a 30-s duration of low energy release preceded the mainshock, and for the 28 December 1994 Sanriku-oki earthquake (M w 7.7), which initiated with a 20-s updip precursory slip followed by downdip rupture propagation [e.g., Sato et al., 1996; Hartog and Schwartz, 1996; Tanioka et al., 1996] . Nakayama and Takeo [1997] demonstrate that the precursory slip had a lower rupture velocity than the deeper primary slip. GPS observations revealed large aseismic afterslip following this event on both short term [Heki and Tamura, 1997] and long term , equaling the seismic moment of the mainshock, but with a time constant of over a year and with slip possibly overlapping the coseismic slip zone. Subsequent inversions of the GPS data indicate that postseismic slip occurred both updip and downdip of the coseismic slip, without significant spatial overlap with the co-seismic rupture area [Uchida et al., 2003; Yagi et al., 2003] . The aftershocks of the event extend far seaward of the main slip zone [e.g., Matsuzawa et al., 1995; Hino et al., 1996] , overlapping the updip portion of the 1968 Tokachi-oki rupture zone. Kawasaki et al. [1995] found geodetic evidence for a very slow slip event in 1992 with a time constant of ~1 day to the south of this event. Seno [2002] summarizes the mainshock asperity zones and updip aftershock zones for the 1994, 1992, and 1989 events in this region, all of which have shallow aftershock zones overlapping the region of the 1896 tsunami event.
Moderate Size Earthquakes on the Shallow Megathrust
The unusual attributes of tsunami events and their destructive effects have focused attention on very large shallow megathrust earthquakes. While it is possible that these events have some uniqueness associated with their large slip and large total seismic moment, the interpretation of unusual frictional or mechanical properties at the source raises the question of whether smaller events rupturing the same area as a tsunami event have anomalous rupture properties, such as unusually low stress drop, slow rupture velocity, or slow particle velocities. This can be addressed by systematic analysis of moderate size earthquakes that are large enough to be well-recorded teleseismically, which simplifies the analysis of the rupture process. In a series of papers, Bilek and Lay [1998 , 1999a , 1999b address this topic using data for 417 megathrust events. They find that after earthquake source time functions (determined by removing propagation effects from teleseismic P waves) are scaled to eliminate predictable differences due to total seismic moment, there is a systematic occurrence of unusually broad source time functions in the upper 10 -15 km of many circum-Pacific megathrusts ( fig. 15.4) . Comparisons of moment-scaled source durations of these moderate size earthquakes with moment-scaled duration estimates from the known tsunami earthquakes suggests similar behavior ( fig. 15.5) , indicating that the frictional properties are not dependent on earthquake size. In addition, the general shape of the time functions for the shallow earthquakes is similar to time functions for several of the tsunami earthquakes [Bilek and Lay, 2002] , with long tails of moment release and several subevents. Efforts to detect any correlation of the depth pattern in individual subduction zones with macroscopic attributes of each region (age of plate, bathymetric structures, etc.) have not yielded any strong correlations [Bilek, 2001] .
The anomalously long source durations for the moderate size events cannot be unambiguously associated with slow rupture velocities, given that and Lay [1999b and Lay [ , 2000 and Bilek et al. [2004] , while the stars are from and updates in the University of Michigan source time function catalog.
point-source models were used to determine the source-time functions and no spatial finiteness is resolved. This leads to a complete trade-off between endmember models of events with low rupture velocity but normal (scaled) rupture area, or low stress drop events with normal (scaled) slip, but anomalously Depth (km)
Circum-Pacific Figure 15 .5 Earthquake rupture durations versus source depth for individual regions for the data from Lay [1999b, 2000] and Bilek et al. [2004] along with moment-scaled source durations from large tsunami earthquakes in each of the five separate regions. All data are combined together at the lower right. Note that the tsunami events generally fall on or along the trend defined by the shallow events of intermediate size. [From Bilek and Lay, 2002] .
large rupture area [e.g., Lay, 1999b, 2000] . If it is assumed that rupture velocity is anomalously low (as demonstrated unambiguously to be the case for the 1992 Nicaragua event) and that rigidity is low, giving low shear velocity at the source and corresponding low rupture velocity, the source durations can be used to infer source rigidity variations as a function of depth ( fig. 15.6a) . Alternatively, one can map the durations into fault areas (assuming a given "normal" shear velocity), and then static stress drop variations as a function of depth can be estimated ( fig. 15.6b ). While it is likely that rupture velocity variations and stress drop variations are actually coupled, the data suggest an overall pattern of depth-dependent variations of rigidity and/or stress drop across the upper 10 km of the seismogenic zone. There is some indication of depth dependence of the ratio of seismic energy, Es, to seismic moment [Bilek et al., 2004] for individual regions, and all of the lowest values of this ratio (including the values for large tsunami earthquakes) are for events in the upper 10 km of the seismogenic zone. If future finite-source modeling of some of the long duration events is able to reveal the actual rupture velocities involved, it would allow the trade-off between rupture velocity and stress drop to be resolved, which would be a valuable contribution. Additional studies have indicated anomalous rupture properties for moderate size earthquakes in the shallow subduction zone environment. Houston [2001] uses the source time function catalog of to examine variations in the shape and duration of time functions for a variety of tectonic settings. For a modest number (69) of megathrust events, she finds a general decrease in duration of about a factor of 1.5 from the shallowest (5 -10 km) depth earthquakes to events at 30 -40 km; a trend somewhat less than that apparent in the much larger data set of Bilek and Lay [2000] . Some differences in duration estimates for specific events are pointed out by Houston [2001] , but she fails to note that these are associated with differences in depth estimates in most cases. Ruff [1999] uses the same catalog to explore dynamic stress drop variations along subduction zone megathrusts. In particular, Ruff [1999] highlights several earthquakes along the Oaxaca segment of the Mexican subduction zone that have significantly lower stress drops at the updip edge than earthquakes occurring at the downdip edge of seismicity. Other studies support a systematic depth variation in earthquake rupture properties along the Mexican subduction zone. Shapiro et al. [1998] and Iglesias et al. [2003] identify several near-trench shallow earthquakes that have low peak accelerations and are depleted in high-frequency radiation, similar to the depleted highfrequency radiation for tsunami earthquakes. Okal and Newman [2001] use historical data to examine possible rupture anomalies for moderate and large earthquakes in regions of known tsunami earthquake occurrence, specifically Central America, Java, and Peru. They do not find a significant correlation between their slowness parameter (used to discriminate tsunami earthquakes) and depth, although they do question the values used for the historical earthquake depths. They do find regional and source static stress drop (under the assumption of constant rupture velocity) for the source duration data of figure 15 .4, plotted as functions of source depth. Open circles indicate data from and the solid circles are from the studies of Lay [1999b, 2000] and Bilek et al. [2004] . Solid diamonds indicate mean values in depth bins. The values of rigidity from model PREM [Dziewonski and Anderson, 1981] are shown for reference.
correlations in that other slow earthquakes may have occurred in the regions of the 1992 Nicaragua and the 1960 and 1996 Peru tsunami earthquakes, and they suggest a local control on source slowness. The inclusion of events off the megathrust makes it difficult to assess this work. The many observations of earthquake duration, stress drop, and source slowness variations along the shallow subduction megathrust suggest depth dependence of earthquake rupture process, even though it is unclear whether stress drop or rupture velocity increases with depth are dominant. This trend is similar to that which can be inferred on the basis of large earthquakes alone, although it appears to be more gradational than bimodal, as might be inferred just given large events. The systematic behavior observed for moderate and large events underlies the strategies being pursued for rapid tsunami hazard assessment [e.g., Schindele et al., 1995; Newman and Okal, 1998a] .
Small Earthquakes on the Shallow Megathrust
Given the trends in large and moderate size earthquake rupture process with source depth, it is obviously important to examine yet smaller events to assess whether there is a scale dependence. Determining rupture characteristics for smaller earthquakes is actually a harder problem due to a lack of good quality data for most subduction zones. As the small event seismicity in the shallow megathrust is usually far offshore, adequate recording of the small earthquake signals usually requires ocean bottom seismometer (OBS) arrays.
Some early work on small magnitude earthquakes does suggest the possibility of anomalous behavior of the shallowest events. Fukao and Kanjo [1980] note a near-trench zone of shallow earthquakes extending along most of northern Japan that appear to generate low to very low frequency radiation. Their study of over 600 shallow earthquakes shows a distinct change in the frequency content of the earthquakes, with many high-frequency events occurring close to shore and presumably deeper along the megathrust. Examination of seismicity in the Kamchatka subduction zone suggests a gradient in source properties with depth, as the earthquakes located downdip from the trench radiate more high-frequency energy than those earthquakes occurring near the trench [Zobin, 1999] .
OBS networks have been placed near several subduction zone margins in recent years, providing high-quality records for microseismicity in the megathrust zone. Earthquake distributions in northern Japan shows very little activity at the shallowest subduction zone depths beneath the margin wedge, with most activity occurring at depths of ~15 km even near the 1896 tsunami earthquake zone, which appears to have ruptured at shallow depth [Nishizawa et al., 1990; Umino et al., 1995; Hino et al., 1996; Takahashi et al., 2000] . Earthquake clustering in the shallow megathrust off Japan is common, suggesting lateral variations in the properties along the trench strike. To the south, around the Nankai Trough, seismicity levels are very low; however, using an OBS network, Obana et al. [2003] note some plate interface microseismicity that suggests an updip limit offshore Cape Muroto, consistent with the 150º isotherm computed in regional thermal models. Rupture properties of the small events along Japan have not been systematically determined.
Several examinations of small earthquakes off Sanriku, Japan, suggest repeating earthquakes at small asperities. Matsuzawa et al. [2002] and Igarashi et al. [2003] find several clusters of microseismicity that are not collocated with regions of large moment release in previous earthquakes nor in areas identified as strongly coupled, and they estimate asperity size on the order of 0.1 -1 km. These observations are used to describe a model for the NE Japan subduction zone including large asperities near the trench to support large earthquake occurrence, with smaller, sparsely distributed asperities and adjacent stable sliding zones deeper on the plate boundary. These observations have more recently been used to estimate quasi-static slip at this boundary. Assuming that the small asperities on the fault break in a characteristic manner, the time interval between each small earthquake is governed by the amount of aseismic slip in the adjacent regions [Uchida et al., 2003] . By estimating the slip released in these small earthquakes, Uchida et al. [2003] find regions of quasi-static slip in both the shallow and deepest portion of the plate boundary.
A combination of land and offshore seismic networks has been deployed in other subduction zones as well. Husen et al. [1999] use land stations and OBHs to relocate aftershocks of the 1995 M w = 8.0 Antofagasta underthrust earthquake, defining a minimum seismogenic depth of 29 km. The upper limit of seismicity in northern Costa Rica appears to be transitional along the Nicoya Peninsula, shallowing from 20 km in the north to 10 km in the southern portion of the peninsula [Newman et al., 2002] . Newman et al. [2002] suggest a thermal cause for this transition with colder subducting crust in the north and warmer underthrusting crust in the south. In central Costa Rica, near the Osa Peninsula, DeShon et al. [2003] suggest that disrupted subducting crust influences the limits of seismogenesis, with an updip edge at a depth of 10 km. At this time, most effort has been placed on accurate event locations and defining the seismogenic limits in these margins, and comparing the seismic distribution with geodetic inferences of slipping and locked regions. Additional work will be needed for systematic exploration of possible rupture velocity or stress drop variations in these microseismicity data sets.
Nature of Friction on the Shallow Megathrust
The preceding overview of seismic failure characteristics for the shallow megathrust environment reveals substantial complexity. It is possible for large strains and/or slip deficits to accumulate in the shallow megathrust environment, for deeper slip events to induce slip at shallow depths, for slow shal-low slip to precede deeper thrust faulting, and for slip to occur in large earthquakes at very shallow depth with almost no small events rupturing the same region. Clearly, the frictional properties of this region are not simply governed by pressure or temperature variations alone, with it being likely that bathymetric structures, sediments, pore-water pressures, and strain rates all play roles in the seismic behavior.
Estimates of the temperatures near the updip limit beneath sedimentary wedges are around 100º -150°C [e.g., Hyndman et al., 1997; Oleskevich et al., 1999] , corresponding to the temperatures at which smectite undergoes most of its transformation to illite/chlorite [e.g., Pytte and Reynolds, 1989] along with occurrence of other diagenetic to low-grade metamorphic and consolidation phenomena that can affect fluid pressures in the megathrust ( fig. 15.7 ; some of these processes are discussed elsewhere in this volume). The progressive dehydration of smectite along with consolidation and lithification of the prism sediments have thus been proposed as important mechanisms in the change in frictional properties associated with the onset of faulting [e.g., Vrolijk, 1990; Morrow et al., 1992; Moore and Saffer, 2001] . Recent experimental work suggests that illite actually does not exhibit the velocity-weakening behavior necessary for seismic slip, making it unlikely that the smectite to illite transition is directly responsible for the updip limit of seismicity in subduction zones [Saffer and Marone, 2003] . Smectite itself may exhibit unstable sliding as well . Thus more work is needed in order to understand other possible mechanisms and their role in controlling the updip seismicity limit.
Shallow megathrust faulting is commonly associated with low rupture velocity, for both large and small events. This observation raises the question of whether there is any effect of rupture in proximity to the free surface that influences faulting. The mechanics of dip-slip rupture are likely to be influenced if rupture extends to the surface, where there will essentially be a zero stress intensity condition. This will skew the dip-directed slip distribution in the updip direction [e.g., Dmowska and Kostrov, 1973; Tse and Rice, 1986; Rudnicki and Wu, 1995] , with the large water depth near the trench enhancing the potential energy for excitation of tsunami gravity waves, as noted by Geist and Bilek [2001] . Even if seismic slip ends at the seismic front, anelastic seaward shoving of the shallow sedimentary wedge could effectively extend rupture to the surface, as in the idea of Tanioka and Seno [2001] .
In the absence of specific knowledge about materials controlling friction in the shallow megathrust, it is still possible to characterize the overall behavior. The transition from stable sliding to unstable sliding appears to involve an intermediate behavior of conditional stability [e.g., Scholz, 1990 Scholz, , 1998 ]. Conditionally stable materials will typically undergo steady aseismic sliding but may fail coseismically if loaded at high strain rate. Earthquakes only nucleate in unstable zones, with their slip propagating into conditionally stable zones if they involve a strong enough velocity jump [Scholz, 1998 ]. Variation of the stability regime with depth and laterally with varying state variables gives rise to one-dimensional and two-dimensional characterizations of friction on the megathrust as shown in figure 15.8. Scholz [1998] presents a simple onedimensional depth-varying model ( fig. 15.8a) , recognizing that there are going to be many lateral variations in properties. This suggests that the shallow Note that both materials exhibit only velocity-strengthening behavior at normal stresses above those corresponding to 4-km depth, and illite shale is velocity strengthening at all depths. (b) Porosity loss and associated transition from distributed deformation to localized slip hypothesized to explain updip limit of seismicity in accretionary wedges [e.g., Moore and Saffer, 2001] . (c) A suite of diagenetic and dehydration processes, including quartz phase transformation, cementation, fluid release from hydrous clays, and hydrocarbon generation and pressure. Courtesy of D. Saffer (2004) seismic zone just downdip from the aseismic front is likely to be conditionally stable. Shallow slip triggered by deeper strong faulting, as observed in many regions, would readily be accounted for. Tsunami earthquakes would involve slip within the conditionally stable regime in this case, presumably triggered by onset of slip at depth in the unstable regime. This is compatible with the updip rupture observed for several of the recent tsunami earthquakes such as the 1992 Nicaragua event [Polet and Kanamori, 2000] . Pacheco et al. [1993] envision the conditionally stable regime as surrounding patchy areas of unstable sliding regime throughout the seismogenic zone ( fig. 15.8b ). This is motivated by the need to accommodate large amounts of aseismic convergence in almost all regions. This is essentially a frictional stability regime perspective of the asperity model that has been used to discuss many earthquake ruptures. A puzzle remains as to why very large strains/slip deficits accumulate in the conditionally stable zone to be released in large tsunami earthquakes. Given continuous convergence (with both slab-pull and ridge-push forces serving as driving forces), some type of buttressing of the conditional stability zone is needed to prevent slip from simply occurring at the plate motion rate. Downdip locked zones that are accumulating strain could allow some updip slip deficit to develop, with updip slip then occurring during large events at greater depth or possibly separately, triggered by minor slip of the downdip region. Localized regions of shallow frictional instability within the shallowest portion of the megathrust, associated with subducted bathymetric features such as seamounts or horst and graben structures ( fig. 15.9 ) could also account for accumulation of strain [e.g., Polet and Kanamori, 2000] .
It is also not evident why rupture in conditionally stable material will proceed at lower rupture velocity than in the unstable regime. The seismic and tsunami observations for large shallow tsunami events favor low source it is possible to lower the particle slip velocity rather than the rupture velocity to account for long processes times as well [e.g., Polet and Thio, 2003] . It is reasonable to associate the very low rigidities with the presence of sediments in the shallow megathrust, as these materials are expected to have low rigidities prior to dehydration and induration [e.g., Bray and Karig, 1985; Schreve and Cloos, 1986; von Huene and Scholl, 1991; Kanamori and Kikuchi, 1993; Polet and Kanamori, 2000] . The rigidity of sediments is dependent on sediment composition, water saturation, porosity, and pressure, with order of magnitude variations being observed in the laboratory [e.g., Guerin and Goldberg, 1996; Mavko et al., 1998 ]. The role of sediments may be twofold: such materials may tend to develop conditionally stable frictional behavior progressively with depth, and their low rigidities may control the overall strain release behavior by delimiting rupture velocity. Thus major aspects of anomalous faulting in the shallow megathrust may be explained. It remains difficult to assess subducted sediment budgets and to relate them to megathrust faulting [Ruff, 1989; von Huene and Scholl, 1991; Rea and Ruff, 1996; Polet and Kanamori, 2000] ; however, the evidence for large slip in low rigidity material at shallow depth is strong. Sediments may play the additional important role of controlling fluid content in the shallow megathrust. Many studies of shallow sedimentary conditions suggest that fluid pressures in the accretionary prism may be high and laterally variable [e.g., Moore and Vrolijk, 1992; Tobin et al., 1994; Saffer and Bekins, 1998; Bekins and Screaton, this volume; Saffer, this volume] . Presumably, heterogeneity in the permeability and pore pressures extends to variable depths in the megathrust, and Pacheco et al. [1993] invoke permeability variations as a primary state variable influencing heterogeneity in the frictional stability regime in their models. Fluids and weak properties of the fault zone are likely to play important roles in dynamic faulting processes [e.g., Kanamori and Heaton, 1999; Brodsky and Kanamori, 2001] , which may provide an additional mechanism for distinctive rupture properties of very shallow megathrust events relative to deeper interplate thrusting. Seno [2002] suggests that increases of the area of zones of elevated fluid pressure may cause transition in the frictional sliding properties of subducted unconsolidated sediments. His idea is that transient changes in frictional stability occur owing to sealing and pressure buildup of the pore fluids, reducing effective normal stress. If pore pressures approach 90% of the lithostatic normal stress and the tectonic stress is not large, smectite could enter the unstable frictional regime . In this perspective the updip rupture extent for larger interplate thrusts may be influenced by the fluid state of the accretionary contact, with rupture either terminating far from the trench or diverting into splay faults or with rupture extending toward the trench resulting in strong tsunami excitation. Fluctuations in fluid pressure may thus help to account for the lack of shallow slip in the conditionally stable zone for many large megathrust ruptures and for subsequent rupture of those zones in tsunami earthquakes. Figure 15 .10, adapted from Bilek and Lay [2002] , summarizes the frictional attributes of the shallow megathrust in a simplified form. This should be viewed as a snapshot in a steadily converging system loaded by slab pull and ridge-push, with frictional interactions across the megathrust being responsible for variations in slip on the interface. When there are off-scraped sediments in an accretionary wedge, there will typically be a shallow zone of aseismic stable sliding, with slip keeping pace with the plate convergence. Even large slip events at shallow depth will not rupture through this region as it will serve as a strain energy sink, although anelastic plowing of the material may occur. As pressure and temperature increase, the shallow megathrust enters the conditionally stable regime, possibly with localized patches of unstable frictional zones associated with bathymetric features such as seamounts, horst/ graben structures, and variations in sediment permeability and pore pressure. The conditionally stable regime is heterogeneous laterally, and large tsunami earthquakes may induce large slip in this region that varies along strike (as for the 1992 Nicaragua event). Failure may initiate at the downdip edge of this region, as for the 1946 Aleutian and 1992 Nicaraguan events, or it may initiate on a patch of unstable friction such as an asperity, as in the 1994 Java event.
In other regions this zone may slip continuously and aseismically. At greater figure 15 .8. The shallowest region of the megathrust may be aseismic, with stable sliding if there are sediments accumulating in a sedimentary wedge of any significance. The upper 10 km or so of the megathrust seismogenic zone is dominated by stable and conditionally stable conditions, possibly with intermittent patches of unstable friction associated with variations in bathymetry, sediment, or fluid conditions. At greater depth the megathrust has an increasing percentage of unstable frictional conditions, although the percentage varies greatly from region to region. The unstable zones appear to be patchy, surrounded by conditionally stable or stable environments, giving rise to asperity type behavior of the large earthquake ruptures. Modified from Bilek and Lay [2002] .
depth a larger percentage of the fault zone is in the unstable frictional regime, although there is still substantial aseismic slip in this domain in many subduction zones. Progressing from this cartoon notion will require improved constraints on the frictional properties of sediments, improved characterization of the fluid pressures at depth in the megathrust, and, ideally, in situ constraints on the detailed properties of the shallow megathrust.
Conclusions
The shallow portion of the megathrust in subduction zones exhibits complex seismogenic properties. While generally having low levels of seismicity, large slip events can occur at very shallow depth, and the resulting large ocean bottom displacement generates large tsunamis. The effective source region rigidity for these events is 2 -4 times lower than typical hard rock values, suggesting that low rigidity sediments are on the fault plane. This is consistent with unusually long source process times and low rupture velocities documented for tsunami earthquakes. Slip in the tsunami earthquakes may extend updip of the aftershock zones and of the seismic front as defined by smaller events. Moderate size events on the megathrust tend to show some depth-dependent variations in rupture as well, with longer rupture durations found for events in the upper 10 km of the seismogenic zone. This is likely to reflect low rigidity of the shallow fault zone, increasing with depth due to sediment induration, fluid expulsion, and phase transformations in the sediments. The shallow megathrust appears to have a variable distribution of unstable and stable friction, with extensive zones of conditionally stable friction. Temporal fluctuations may occur due to variations in fluid properties, complicating the interpretation of this region.
